We have studied the ensemble photoluminescence (PL) of 11 GaSb/GaAs quantum dot/ring (QD/QR) samples over !5 orders of magnitude of laser power. All samples exhibit a blueshift of PL energy, DE, with increasing excitation power, as expected for type-II structures. It is often assumed that this blueshift is due to band-bending at the type-II interface. However, for a sample where charge-state sub-peaks are observed within the PL emission, it is unequivocally shown that the blueshift due to capacitive charging is an order of magnitude larger than the band bending contribution. Moreover, the size of the blueshift and its linear dependence on occupancy predicted by a simple capacitive model are faithfully replicated in the data. In contrast, when QD/QR emission intensity, I, is used to infer QD/QR occupancy, n, via the bimolecular recombination approximation (I / n 2 ), exponents, x, in DE / I x are consistently lower than expected, and strongly sample dependent. We conclude that the exponent x cannot be used to differentiate between capacitive charging and band bending as the origin of the blueshift in type-II QD/QRs, because the bimolecular recombination is not applicable to type-II QD/QRs. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
There are many potential applications for selfassembled quantum dots (QDs) and quantum rings (QRs), including lasers, 1 solar cells, 2 and quantum information processing. 3 III-V heterojunctions in general provide much potential for device structures, but the reduced dimensionality (D) of QD/QRs can offer particular advantages over bulk and 2D quantum well (QW) structures; for example, lower threshold currents and higher thermal stability in lasers, 4 and insensitivity to edge states in solar cells. 5 The staggered type-II band alignment of GaSb/GaAs heterostructures [e.g., QW, QD, or QR] leads to spatial separation of carrier species [ Fig. 1(a) ] and a reduced recombination rate. Whilst this property can hinder their use in light emitting applications, it does open the possibility of use in memory devices. 6, 7 QD/QR structures with negligible charging barriers (fast write time) 8 and large confinement energies (long storage time) 9, 10 have been demonstrated. In solar cells, the type-II QD/QR structure also provides the opportunity for efficient carrier separation and absorption of photons with energy below the band gap of the host semiconductor, improving long-wavelength response. 11, 12 Blueshifts of emission energy as a function of increasing excitation power are not routinely seen in type-I systems, but have been observed and attributed to donor-acceptor pair recombination, 13 composition modulation, 14 or state filling. 15 Type-II structures, however, have a characteristically strong blueshift with excitation power, which can affect device operation. For example, laser devices which contain GaSb/GaAs QDs have shown significant blueshifts with injection current. 16 As this blueshift is a fundamental property of type-II nanostructures, a better understanding of the underlying physics will aid in the development of devices. In the literature, it is common practice to plot PL energy versus P 1/3 to demonstrate type-II behaviour. [17] [18] [19] [20] Implicit in this are assumptions whose validity have not been properly considered. The first is that the blueshift is caused by band bending (BB). The second is that the incident laser power, P (or sometimes the recombination intensity, I), is proportional to the square of the carrier density (QD/QR occupancy), i.e., recombination is bimolecular. Here, we report the results of photoluminescence (PL) measurements of 11 GaSb/GaAs QD/QR samples, at excitation powers ranging over 5-6 orders of magnitude. We show that the dominant mechanism responsible for the excitation-power-induced blueshift is charging, not band bending. This should result in the exponent, x, in the power law I x (or P x ) that governs the blueshift being equal to 1 = 2 , but we find it to be consistently smaller, and strongly sample dependent. We attribute this to a breakdown of the bimolecular recombination approximation.
II. THEORY
Capacitive charging (CC), [21] [22] [23] [24] BB, [16] [17] [18] [19] 25 and state filling 21, 26 are commonly used to explain the blueshift of the emission of type-II QD/QRs with increasing laser power. Band bending at the interface between the QD/QR and surrounding matrix is caused by the electric field from the spatially-separated carrier species. This generates a potential well at the interface, usually assumed to be triangular, 27 resulting in a shift of the ground state energy that varies with charge according to 28
where n 2D is the carrier density in the proximity of the heterointerface, e is the charge of an electron, h is the reduced Planck constant, m is the electron effective mass, e 0 the permittivity of free space, and e r the relative permittivity of the semiconductor. This model was originally used to describe blueshifts in type-II quantum wells, 28, 29 but has since been applied to type-II QD systems. [16] [17] [18] [19] 25 However, due to the reduced dimensionality of QD/QRs, capacitive effects must also be considered. The capacitive charging model [21] [22] [23] [24] considers the QD/QR as a nanocapacitor, with a charging energy (dE CC ) for each additional charge carrier added after the first
where d is the electron-hole separation and A is the area of the nanostructure. Thus, the total charging energy, DE CC , shifts as DE CC / n h . In the material system considered here, capacitive charging is the result of hole-hole interactions, so n h is the number of holes in the QD/QR. Unfortunately, the carrier density, n 2D , and the QD/QR occupancy, n h , are typically not known, so it is necessary to try to relate them to either the incident laser power or the recombination intensity. The link between carrier density and recombination intensity is made via the bimolecular rate equation, 30 which for a bulk semiconductor is
where n e is the electron density, n h is the hole density, and b is the bimolecular recombination coefficient. From charge neutrality n e ¼ n h in a bulk semiconductor, and therefore
where n is the electron or hole density. Hence, since Eq. (4) predicts I / n 2 , the equations for capacitive charging and band bending can now be written in terms of I:
and
This method of using I to infer n relies on the applicability of Eq. (4) to type-II QD/QRs and is itself derived from Eq. (3) and the charge neutrality condition. The authors are not aware of any studies on its applicability to type-II systems, but theoretical models have indicated that it may not work for type-I QDs. 31 The 8-band k.p calculations presented in Ref. 31 show a reduced optical matrix element for excited states compared with the ground state. Therefore, as the QDs become more charged, the average recombination time increases. Coulomb effects were not taken into account in Ref. 31 as they were predicted to be negligible for the type-I InAs/GaAs QDs investigated in that study. However, this is not the case for the QD/QRs studied here, where strong Coulomb effects dominate the physics, giving rise to the unique properties of type-II systems. 22, 32 The use of Eqs. (5) and (6) to discern the origin of the blueshift in type-II QD/ QRs therefore seems questionable. We shall return to this point in Sec. V, but first we briefly describe the samples used in this study, and then go on to present results from a sample in which contributions to the blueshift from capacitive charging and band bending are easily distinguished.
III. EXPERIMENTAL DETAILS
The 11 samples discussed here were grown by molecular beam epitaxy (MBE) on [100] GaAs substrates with different growth conditions. Sample A was grown with a typical method, which produces mainly QRs: A single QR layer was grown by deposition of 2.1 monolayers (MLs) of GaSb at a temperature of 490 C with a growth rate of 0.3 MLs À1 and a V/III ratio of $10. Next, a 250 nm GaAs cap was grown by first depositing 5 nm of GaAs at 430 C (cold cap), followed by 245 nm of GaAs at 580 C. A brief summary of the growth conditions for all samples is presented in Table I . All of the QD/QR samples were formed by the strain-induced Stranski-Krastanov (SK) growth mode, except Sample G, which was grown by migration enhanced epitaxy (MEE). It is known that during growth QDs are initially formed, but after capping a significant number of the GaSb nanostructures are clusters without a well-defined morphology or QRs, with the initial cap temperature and thickness affecting the geometry of the resulting nanostructures. 33 We therefore expect all samples to have a mixture of QDs, QRs, and clusters, with some samples having mostly QDs and some mostly QRs, depending on the growth conditions. However, the distinction between different nanostructure morphologies is not important for our investigation. The models described above and the related discussion below apply equally to QDs and QRs: these two types of nanostructures can be considered as indistinguishable, except that QRs have a reduced volume compared with QDs.
PL measurements of the QD/QRs were carried out at 4.2 K by immersion in liquid helium with a 532 nm continuous-wave laser providing illumination to $2 mm 2 of the sample via a 200-lm-core optical fibre, allowing the power density to range from $10 À2 to 10 4 mW/cm 2 . PL emission was collected by a 550-lm-core optical fibre for measurement by a spectrometer and a Peltier-cooled InGaAs array.
IV. DIRECT OBSERVATION OF BLUESHIFTS DUE TO CAPACITIVE CHARGING AND BAND BENDING
The inset of Fig. 2 shows the luminescence from the GaSb/GaAs nanostructures in Sample A, which are known to be mostly QRs. 34 The luminescence peak has an intriguing bumpy character and can be fitted with a series of Gaussian sub-peaks of equal width. There are a number of possible explanations for these sub-peaks, but a previous study concluded that each represent ensembles of QRs with specific charge states, i.e., occupancies of between 2 and 8 holes (PL from singly-occupied QRs is of negligible intensity). The ability to observe single-hole charging in ensemble PL in this sample has been attributed to localisation of the electron in the centre of the QRs, which reduces the inhomogeneous broadening. Hints of such substructure have been seen in other QR samples, but it was not possible to clearly resolve the sub-peaks. For the present investigation, this sample represents a remarkable opportunity as it allows us to directly observe the QR occupancy and qualitatively study its variation with laser power. A fully quantitative analysis is not possible because the relationship between occupancy and oscillator strength is not known. Nevertheless, it allows us to unequivocally distinguish the contributions of band bending and capacitive charging to the blueshift of the centre of mass of the PL. The inset of Fig. 2 shows that the majority of the blueshift is a result of an increase in the intensity of subpeaks at higher energy (greater occupancy). The energies of the different sub-peaks, each of which represent QRs with a certain hole occupancy, display nearly identical energy shifts with laser power, i.e., sub-peak energy shift is independent of occupancy. The inevitable conclusion is that the sub-peak energy shift must be entirely due to a band-bending effect from unconfined charge. 34 Most significant is that the laserpower induced blueshift of individual charge-state sub-peaks is, at $3 meV, an order of magnitude smaller than the shift of the centre of mass of the ensemble peak ($34 meV). The energy separation of the individual charge-state peaks (24 6 2 meV, see Fig. 2 ), which is directly attributable to capacitive charging, dominates the blueshift of the ensemble PL.
We now consider the data for this sample in more depth, as it will help to inform our discussion of the other samples in which the charge sub-peaks are not resolved, and of Eqs. (5) and (6) . First, we consider capacitive charging. An estimate of the energy shift from capacitive charging is found by substituting values into Eq. (2); we assume QRs with inner and outer radii of 7.5 and 12.5 nm, respectively [estimated from scanning tunnelling microscopy images, such as Fig.  1(b) ], e r ¼ 12:9 and d ¼ 10 nm (exciton Bohr radius in GaAs). These values yield a capacitive charging energy of dE CC ¼ 22 meV per additional hole per QR, which is in good agreement with the experimental value of 24 6 2 meV. Estimates of dE CC ¼ 13 meV for larger area (and hence smaller dE CC ) GaAsSb/GaAs QDs have been made in the literature. 35 To test the DE CC / n h relationship predicted by Eq. (2), the E 0 energy of each charge-state sub-peak, i.e., the inferred peak energy at zero laser power, where there is no contribution from band bending, is plotted against hole occupancy in Fig. 2 . By analysing the data in this way, all contributions from band bending are removed, and only capacitive charging contributes to the differences in energy between the data points. Fig. 2 shows that the capacitive charging model, DE CC / n h , works very well. Next, to see if the magnitude of the energy shift of the sub-peaks matches that predicted by the band bending model, values for GaAs were substituted into Eq. (1). With an electron effective mass of 0:067m 0 and relative permittivity of 12.9, a change in n 2D of 1 Â 10 9 cm À2 is required to replicate the band-bending energy shift seen in our data, which is very reasonable for the applied laser-power range. This provides further evidence that the contribution of band bending is small and that capacitive charging dominates the blueshift in type-II QD/QRs. State filling is another possible source of energy shift for emitted photons, i.e., recombination from higher-energy quantised holes levels. However, this was already excluded as a possible origin of the sub-peaks in Sample A. 34 Rather, we believe that the PL is strongly dominated by recombination from the hole ground-state in the QR. As a result, the observed energy separation of sub-peaks is due to the energy shift of the ground state by capacitive charging. This results in the astonishingly equally-spaced PL sub-peaks that are shown in Fig. 2 .
V. DEPENDENCE OF THE BLUESHIFT ON EMISSION INTENSITY
Hole occupancy of QD/QR ensembles is usually not accessible from PL measurements, so another PL parameter is necessary to infer the carrier density or QD/QR occupancy, and the incident laser power, P, is frequently used as a convenient choice. To arrive at P / n 2 h , two assumptions must be made: Firstly that P / I, and also that I / n 2 h . The second of these assumptions is the main focus of the remainder of this paper and is discussed in more detail later in this section, but we first turn our attention to the validity of P / I.
Since we are considering a type-II QD/QR system, there will be increasing Coulomb repulsion of holes from the nanostructures as they become charged. Holes may also occupy other regions of the sample (e.g., WL, bulk semiconductor, impurities or defect states) at higher (or lower) laser powers. Thus, a non-linear transfer rate of holes to the QD/QRs with increasing excitation is likely. Fig. 3 shows a log-log plot of I vs P for Sample I. A linear relationship with a gradient of 1 that is typical of excitonic recombination is observed at low laser powers, but at higher laser powers, the data become increasingly sub-linear, consistent with reduced carrier transfer into the QD/QRs. This sub-linear region constitutes a significant portion of the laser power range investigated. Similar behaviour was seen for all samples investigated. Furthermore, our set-up uses optical fibres: The size of the laser spot on the sample is $1-2 mm in diameter, meaning that laser power densities in our experiments are on the lower side of those typically used. For these reasons, it is clear that the assumption that P / I can fail and the use of QD/QR PL emission intensity, I, as a measure of n h in all experiments looks preferable, although bimolecular recombination is still implicitly assumed.
A second issue is that it may be difficult to distinguish between an exponent of x ¼ 1 = 3 (band bending) and x ¼ 1 = 2 (charging), if data are explicitly plotted as DE versus P 1=3 or I 1=3 , especially if the range of laser power is not very large. In this investigation, we varied the laser power over 5-6 orders of magnitude for many samples. We suggest that a log-log analysis, using emission intensity rather than excitation power, is the best method to ascertain the exponent, x, without the need for prior assumptions of its value.
To do this, the minimum transition energy (E 0 ) must first be found and subtracted from the raw QD/QR emission energy data. E 0 is the energy between the QD/QR groundstate and the GaAs conduction band edge, under zero excitation power, including any additional charging energy due to the presence of holes from (unintentional) doping. 24, 34 The QD/QR peak emission energy is taken from the PL spectra [ Fig. 4(a) ] and plotted against the integrated peak intensity. E 0 is then found by extrapolating a linear fit to the lowest intensity data points ( Fig. 4(b) inset), and subsequently subtracted from the absolute QD/QR peak energy values to yield the energy shift, DE. Finally, a linear fit is used on the resulting log-log graph [see Fig. 4(b) ] to extract the exponent, x.
We start with Sample A, applying this analysis to each of the sub-peaks and also the centre of mass of the PL. The results for the $3 meV blueshift of the sub-peaks, which we have shown is due to band bending, are shown in the inset of Fig. 5 . It can be seen that, within uncertainty, an exponent of 1 = 3 is found for all sub-peaks, exactly as expected. The results for the much larger blueshift of the centre of mass of the PL for all samples are shown in the main part of Fig. 5 . There is considerable variation, but we can make the following observations. (1) Given the order of magnitude difference in the size of the band bending and charging blueshifts in Sample A, we can make the reasonable assumption that charging is the dominant cause of the blueshift in all samples, i.e., we expect to see x ¼ 1 = 2 . Yet in every single case it is lower. (2) More specifically, we know that for Sample A the blueshift of the ensemble PL peak is due to capacitive charging, but we see a lower exponent that is, coincidentally, 1 = 3 . (3) In the case of Sample J, the exponent lies somewhere between 1 = 3 and 1 = 2 , so band-bending is excluded as the dominant mechanism, but the exponent falls short of what we expect for charging. (4) For all the other samples, the exponent is even lower, <50% of what we would expect. (5) Even if we are sceptical about charging dominating the blueshift in all samples, the exponents for these samples are systematically low. Thus, given that we have studied a large number of samples, grown in a variety of conditions, and applied a very careful and rigorous analysis of the data, the inescapable conclusion is that the exponent, x, in DE / I x cannot be used to distinguish between band bending and capacitive charging. This strongly implies that there is a flaw in the derivation of Eqs. (5) and (6) . We suggest that this is the breakdown of the bimolecular recombination approximation, i.e., I is not proportional to n 2 h for type-II QD/QRs.
VI. DISCUSSION
We have shown that the exponent, x, in the power law governing the blueshifts of the centre of mass of the PL in type-II QD/QRs is systematically lower than expected. It is likely that a new form of the bimolecular recombination equation [Eq. (3)] is required when describing type-II QD/ QRs and that the charge neutrality condition, n e ¼ n h , does not hold for such systems. Both of these would modify the n dependence of Eq. (4).
It has previously been proposed that the bimolecular recombination coefficient, b, for QDs should be modified to include an n dependence. 31 In contrast to the type-I QDs of Ref. 31 where an increased carrier lifetime for increased occupancy was discussed, but where Coulomb effects were expected to be negligible, we expect a decreased average carrier lifetime with increased occupancy in type-II QD/ QRs. Physically, this could be caused by tighter electron binding and an increased recombination rate at higher excitation powers. Indeed, previous work has shown that charged type-II QDs can exhibit tighter electron binding in magneto-PL experiments, 22, 36 and reduced carrier lifetime in timeresolved PL. 26 Such effects would increase the emission intensity of highly-charged QD/QRs, leading to the reduced exponents observed. However, this explanation does not clarify why the correct exponent was found for band bending in Sample A. Unlike capactive charging, it is not possible to confirm the n 2D dependence of band bending [Eq.
(1)] without the use of the bimolecular rate equation. Therefore, the current forms of both the band bending and the bimolecular rate equations may not be applicable to this system, and possibly only coincidentally give the expected 1 = 3 exponent dependence (inset to Fig. 5 ).
The notion that QD/QR hole occupancy plays an important role in the exponent may explain the striking deviation of Sample J from the x < 1 = 3 trend of the data in Fig. 5 . By briefly returning to Sample A, a possible explanation is postulated as follows: The very low power PL spectra of Sample A (inset to Fig. 2 ) have a maximum in intensity at a QD/QR occupancy of 4 holes. These holes are believed to originate from unintentional background doping and act to increase the ground-state transition energy compared with an uncharged dot. Sample J has the lowest E 0 value reported for any GaSb/GaAs QD/QR sample 37 and, during growth, this sample was exposed to high temperatures for the longest time, due to the hot GaAs cap temperature and 10 layers of QR growth. It has been shown that higher temperature MBE growth of GaAs decreases the incorporation of unintentional p-dopants. 38 Therefore the lower E 0 value for Sample J may indicate less background doping, with fewer holes in the QRs, a reduced recombination rate, and thus a higher exponent than any of the other samples.
Further analysis was carried out in an attempt to find any correlations between x and any other properties of the samples. However no clear relationships between x and QR intensity, growth conditions or sample structure were found. It is possible that subtle variations in growth conditions, leading to differences in nanostructure types/geometries, 33, 39 as well as different defect/impurity densities between samples, account for the range of exponents observed.
Before concluding, we would like to briefly comment on some wider implications of our results. The first is that the inability to apply the bimolecular rate equation [Eq. (3)], and subsequently Eq. (4), to type-II QD/QR systems could have far-reaching consequences for optical analysis of device performance. For example, an exponent analysis of electroluminescence (EL) measurements is commonly used when characterising a light emitting diode or laser device to determine the dominant recombination mechanism at different temperatures. 40, 41 We expect that the failure of Eq. (4) will need to be considered when using such an approach. The second is that different values of x can have consequences for device performance. In a type-II solar cell, for example, it would be desirable to have a larger x value (e.g., Sample J), such that radiative recombination is suppressed. However in a type-II laser device, where strong emission and good wavelength stability are preferred, a lower x value is required. This would increase the radiative recombination rate, simultaneously increasing the emission intensity and slowing the shift of the emission energy with increasing carrier generation rate.
VII. CONCLUSIONS
We have studied the laser-excitation-power-induced blueshifts of type-II QD/QRs. The ability to distinguish between band bending and capacitive charging as mechanisms behind the blueshift in Sample A leads to the conclusion that in type-II QD/QR samples capacitive charging dominates. Analysis of the energy separation and laser-power-induced energy shifts of charge state sub-peaks shows that the simple capacitive charging model accurately describes our data. However when the more generalizable log(intensity) vs log(energy) analysis was applied, discrepancies were found. We conclude that the bimolecular recombination approximation, which has widespread use in optical properties of semiconductors, is not applicable to type-II QD/QRs. Further modification of the QR radiative term is required, such that the QRs become more efficient radiative centres as they become more highly charged. This may have benefits for the wavelength stability and emission intensity of lasers made from GaSb/GaAs QRs, but may also point to reduced efficiency in type-II solar cells, unless careful consideration is given to radiative recombination rates.
